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Introduction 

The  research  and  development  of  all  solid-state  laser  system  broadly  tunable  in  0.9  -  1.5  |im 
spectral  range  with  high  output  energy  and  narrow  oscillating  line  is  a  complex  problem  of 
laser  physics,  which  includes  solution  of  several  scientific  and  technical  tasks: 

1 .  Development  of  laser  active  element  from  Color  Center  crystals,  including 

1.1.  physicochemical,  mechanical  and  optical  characteristics  of  crystal  hosts  for  active 
elements  of  color  center  lasers; 

1 .2.  color  center  formation  in  alkali-halide  crystals  under  ionizing  irradiation; 

1.3.  optimization  of  color  center  crystal  optical  properties  for  laser  operation. 

2.  Study  and  optimization  of  oscillator  cavity  optical  scheme  for  narrow  line  operation, 
including 

3.  Study,  optimization  and  development  of  high  power  amplifier  for  narrow  line  color  center 
laser  system. 

Laser  active  F2~  and  F3~  color  centers  are  aggregate  quasi-molecular  vacancies  capturing  3 
or  4  electrons.  Luminescence  spectrum  of  F2'  color  centers  in  LiF  crystal  at  room  temperature 
covers  very  wide  spectral  range  from  0.95  to  1.35  |a,m.  Its  absorption  band  extends  from  0.8  to 
1.13  |im  and  overlaps  well  with  the  radiation  of  well  developed  Nd  laser  sources  [1,2].  In  the 
previous  work  it  was  shown  that  high  thermo  and  physical  properties  of  LiF  crystals  (see 
Table  1.1)  allowed  them  to  operate  with  high  energy  and  pump  densities  up  to  100  J  and  2 
J/cm  [3].  In  Ref.  [4]  the  intracavity  operation  of  LiF:F2'  laser  with  15  J  output  power  and  75 
%  optical  efficiency  was  demonstrated.  Small  change  in  the  pumping  wavelength  from  1064  to 
1047  nm  results  in  two  times  increase  of  Color  Center  Laser  (CCL)  efficiency. 

Investigation  of  narrow  line  oscillation  of  CCL  was  aimed  on  the  development  of  smoothly 
and  continuously  tunable  laser  for  near  IR  spectral  region.  The  cavity  for  narrow  line 
oscillation  was  composed  with  one  or  two  diffraction  gratings.  The  first  grating  worked  at  a 
grazing  incident  angle  as  an  intracavity  telescope,  spectral  selector  and  output  coupler;  and  the 
second,  mirror  grating  worked  in  the  auto-collimation  regime  for  additional  spectral 
selectivity.  This  scheme  provided  continuously  tunable  radiation  of  LiF:F2'  laser  with  stable 
narrow  line  width  of  less  than  0.03  cm'^  and  conversion  efficiency  10-15%  [1,2]. 

Previously  developed  tunable  CCLs  provide  tunable  radiation  in  wide  spectral  region  for 
LiF:F2'  from  1080  till  1270  nm  with  maximum  conversion  efficiency  about  20%  and  for 
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NaFiFa'  from  1 100  to  1340  nm  with  efficiency  up  to  10%  with  1064  nm  Nd^^:YAG  pumping. 
As  a  spectral  selective  element,  the  optical  cavity  includes  diffraction  grating,  working  in  auto- 
collimating  scheme  with  the  output  in  the  zero  diffraction  order.  The  scheme  provides  the 
linewidth  of  1-^3  cm'*.  The  optional  second  selective  element,  Fabri-Perrot  etalon  with 
different  finesse,  narrows  the  spectral  line  to  0.3  cm'*  with  output  efficiency  decreasing  by  a 
factor  of  1.5-2.  This  laser  has  manual  and  computer  controlled  wavelength  tuning  and  a 
helium-neon  laser  for  wavelength  adjustment  and  laser  cavity  alignment. 

The  new  narrow  line  powerful  Color  Center  mockup  will  include  mechanical  base,  optical 
mechanical  mounts  with  adjustable  optical  elements  (lenses,  mirrors,  and  telescopes),  two  sets 
of  Color  Center  laser  crystals,  two  precision  scanning  modules  with  stepping  motors  for 
gratings  and  etalon  scanning  controlled  by  computer. 

The  goal  of  the  project  was  to  develop  and  test  a  narrow  linewidth  high  energy  color  center 
laser  mockup  based  on  two  types  of  color  center  crystals:  LiF:F2~  and  NaF:F3~  with  a  very 
wide  tuning  range  from  1.08  to  1.35  |im.  As  a  result,  high  energy  fixed  frequency  radiation  of 
Nd-solid  state  laser  will  be  converted  into  narrow  line  (Av~500  MHz)  laser  radiation  tunable 
in  extremely  broad  spectral  range  1.08  -  1.35  |im. 
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1.  Active  element  of  color  center  lasers 

1. 1.  Physicochemical,  mechanical  and  optical  characteristics  of  the  crystal  hosts  for 
active  elements  of  color  center  lasers 

Color  centers  exist  in  many  types  of  erystalline  solids,  ineluding  both  ionie  and 
eovalently  bonded  lattiees.  Below  (see  Table  1.1)  the  major  physicoehemical,  optical  and 
mechanical  characteristics  of  the  crystal  hosts  intended  for  CC  laser-aetive  elements  are 
eonsidered  and  eompared  with  eaeh  other  and  with  well  known  laser  media.  The  most 
promising  for  developing  eolor  eenters  are  crystals  of  alkali-halide  metals,  alkali-earth 
fluorides,  oxides  (for  instance,  sapphire)  and  covalent  crystals  (at  present  the  only  available 
representative  is  diamond). 

The  most  wide-spread  media  with  eolor  eenters  -  alkali-halide  erystals  -  are  optieally 
transparent  in  a  wide  spectrum  range  from  0.11-0.25  to  7-35  |im  and  are  widely  used  as 
optical  materials  for  instruments  of  UV,  visible  and  IR  optieal  teehnology,  opties  and 
spectroseopy.  The  strueture  of  the  alkali-halide  erystals  refers  to  the  Fm3m  spatial  group  with 
a  general  cubie  symmetry  of  the  erystal  lattiee.  Thus,  the  alkali-halide  erystals  are  inherently 
isotropie,  i.e.  their  refraetion  index  does  not  depend  upon  polarization  and  direetion  of  light 
propagation.  A  simple,  fast  and  available  Kiropulos  teehnique  enables  to  grow  high-quality 
erystals  with  large  eross  seetion  and  volumes  (for  instanee,  0400x200  mm)  on  a  high-seale 
eommereial  level.  The  erystal  media  so  grown  may  be  used  for  fabrieation  of  large  aetive 
elements  and  Q-switehes  in  powerful  laser  systems. 

The  LiF  and  NaF  erystals  are  most,  outstanding  among  alkali-halides  for  their  low 
hygroseopieity.  Their  solubility  in  water  is  rather  low  and  aceeptable  for  praetieal  applications 
in  natural  conditions.  It  is  already  expedient  to  use  sodium  fluoride  erystals  in  a  dried 
atmosphere.  All  the  rest  alkali-halide  erystals  without  fail  ean't  be  used  in  the  damp  air.  Their 
faeets  beeome  matt  without  speeial  protective  eoating. 

Of  the  alkali-halides  LiF  erystals  have  the  smallest  (elose  to  -1.2- 10'^  °C'^)  value  of 
temperature-derivative  refraetive  index  and  a  high  thermal  eonduetivity  eoeffieient 
(14  W  m'^  C'^  at  300  K,  even  higher  than  the  value  of  13  W  m'^  C'^  of  YAG  erystal).  Thus, 

the  eritieal  thermal  power  {  =  fK\dnldt\  ’ )  of  a  LiF  erystal  [1,  2,  7],  for  whieh  the  value 

of  thermal  aberration  beeomes  eomparable  with  the  laser  wavelength  amounts  to  1.25  W  at 
X  =  1.06  iim  (for  YAGiNd^^  Pcr=L3W).  Therefore  one  can  consider  LiF  as  a  promising  laser 
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lattice  for  high  average  power  laser  operation  at  room  temperature.  A  eomparatively  small 
nonlinear  refraetive  index  value  n2  for  LiF  provides,  a  high  level  of  self-foeusing  eritieal 
power  -  0.46  MW,  =e^C?i^  -  whieh  exeeeds  the  of  YAG  erystals  (0.30  MW) 

and  is  slightly  lower  than  for  ED-2  glass  =0.69  MW).  From  this  point  of  view  as  well  as 
due  to  a  high,  eomparable  to  YAG  erystal,  laser  indueed  bulk  damage  threshold  of  3.6 
GW/em  (at  1.06  |a,m  for  10  ns  pulses)  LiF  erystals  are  eonsidered  as  prospeetive  lattiees  for 
developing  aetive  elements  of  CCL  and  amplifiers  of  powerful  laser  systems. 

As  shown  in  Table  1.1,  alkali-halide  erystals  have  low  Knupp  hardness  values,  10-200 
times  lower  than  for  the  AI2O3  and  YAG  erystals  whieh  are  most  widely  used  in  laser 
teehnology.  This  makes  it  diffieult  to  aehieve  and  preserve  highly  polished  surfaees  for  all 
alkali-halide  erystals  exeept  LiF  and  NaF  during  the  proeess  of  preparation  and  applieation. 

The  most  durable  of  the  alkali-halide  erystals  -  LiF  -  has  a  tensile  strength  almost  20 
times  less  than  that  for  YAG,  10  times  less  than  for  laser  siliea  glasses  and  elose  to  the 
strength  of  phosphate  glasses.  Moreover,  alkali-halide  erystals  easily  eome  to  pieees  along  the 
[100]  eleavage  planes  under  impaet.  Therefore,  they  have  to  be  earefully  handled  during 
exploitation  and  proteeted  from  appreeiable  thermal  gradients,  thermo-  and  meohanieal 
shoeks. 

Alkali-earth  fluorides  are  of  great  interest  as  host  erystals  for  aetive  media  with  eolor 
eenters.  They  are  easily  produeed  to  have  low  hygroseopieity  and  high  meohanieal  and 
thermal  strength,  in  oontrast  to  alkali-halide  erystals. 

Also,  promising  for  applieation  as  CC  aetive  media  are  sapphire  and  diamond.  These 
erystals  feature  a  unique  oombination  of  thermal  and  meohanieal  properties,  whieh  exoeed  (as 
seen  in  Table  1.1)  the  oorresponding  values  for  the  YAG  erystals.  However,  they  are  not  so 
readily  aooessible  for  teehnology  as  alkali-  halides. 
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Table  1.1.  Main  physicochemical,  mechanical  and  optical  characteristics  of  the  most  promising  crystal  hosts  with  CCs  [2]. 


Crystal 

P  3 
(g/cmh 

d 

0 

(A) 

cro 

Solubility 

(g/lOOg 

H2O) 

Tm 

(K) 

K 

(W/mK) 

axKf 

(K-‘) 

E 

(kg/mm^) 

St 

(kg/mm^) 

Rt^ 

(W/m) 

n 

dn/dT  X 
10^ 

(K-‘) 

Ithr  X  10-'" 

(WW) 

Transparancy 

range 

at  a=lcm'^ 

level 

LiF 

2.64 

4.03 

99-102 

0.12 

1121 

14.2 

33.7 

8,820 

0.28 

1. 2-4.0 

43-143 

1.387 

-2.9 

3600 

0.11-6.6 

NaF 

2.79 

4.62 

60 

4.2 

1270 

9.2 

32.2 

8,780 

0.19 

- 

- 

1.321 

-1.8 

1400 

0.16-11.2 

NaCl 

2.17 

5.64 

15.2-18.2 

36.0 

1074 

6.4 

39.6 

4,360 

0.20 

- 

- 

1.53 

-3.7 

200 

0.17-18.0 

KF 

2.50 

5.35 

- 

94.9 

1130 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0.2-15.0 

KCl 

1.99 

6.29 

7.2-9.3 

37.4 

1049 

6.0 

37.0 

3,810 

0.14 

- 

- 

1.48 

-3.3 

700 

0.18-23.0 

KBr 

2.75 

6.60 

6-7 

70.9 

1007 

4.8 

38.4 

3,290 

0.32 

- 

- 

1.54 

-3.2 

500 

0.21-28.0 

K1 

3.13 

7.07 

5 

144.0 

959 

2.1 

41.2 

2,550 

0.14 

- 

- 

1.64 

-4.5 

200 

0.3-35.0 

RbCl 

2.76 

6.58 

- 

94.2 

111 

- 

32.8 

- 

- 

- 

- 

- 

- 

- 

- 

MgF2 

3.18 

a=4.64 

c=3.06 

576 

0.0076 

1,536 

21  Ic 

30  No 

9.41c 
13.4  No 

17,265 

0.27 

5.4 

470 

no=1.373 

ne=1.385 

11.2 

5.8 

1000 

0.1-7.0 

CaF2 

3.18 

5.46 

120-163 

0.0016 

1,676 

9.7 

18.8 

14,000 

- 

- 

- 

1.429 

-1.05 

>1000 

0.13-9.4 

SrF2 

4.24 

5.79 

144 

<0.1 

1,190 

- 

19.6 

- 

- 

- 

- 

- 

0.1-9.0 

AI2O3 

3.974 

a=4.76 

c=13.0 

2100 

0 

2,313 

35.0 

5.01c 

6.7  No 

35,230 

0.27 

55.0 

10,000 

no=1.765 
ne=  1.757 

1.3 

0.97 

1900 

0.18-.5.1 

Diamond 

3.515 

3.57 

8820 

0 

3,770 

900.0 

1.0 

58,000 

- 

- 

- 

2.40 

0.4 

12000 

0.24-2.7 

Y3AI5O12 

4.55 

12.0 

1350 

0 

2,223 

13.0 

7.8 

31,275 

- 

20.0 

790 

1.815 

1.05 

2000 

0.21-5.3 

ED-2  glass 

2.539 

- 

- 

- 

582 

1.4 

8.0 

9,190 

0.24 

10.0 

140 

1.56 

0.3 

- 

Thermal  shock  parameter,  R,  characterizes  the  thermo-mechanical  strength  of  the  material.  For  instance,  for  a  plate  element  with  a  thickness  t, 
thermal  power  Py,  which  may  be  absorbed  by  the  medium  with  a  parameter  i??’ without  being  damaged,  Py  =12RT/t^,  where  Rt=St(1-P)K/ocE. 

Symbols:  p,  density  (g/cm  );  d,  lattice  constant  {Ay,  H,  Knupp  hardness  (kg/mm  );  T^,  melting  temperature  (K);  K,  coefficient  of  thermal 
conductivity  at  300K  (W/m  K);  a,  coefficient  of  linear  expansion  at  300K  (K'  );  E,  Young  modulus  (kg/mm  );  p,  Poisson's  coefficient;  S, 
compression  (tension)  or  bending  strength  (kg/mm^);  R,  thermal  shock  parameter  (W/m);  n,  refractive  index  at  X=l|im;  dn/dT,  temperature 
derivative  refractive  index  at  X=l|im  (K'^);  Ithr,  laser  induced  bulk  damage  threshold  at  X=1.06|im  for  10  ns  pulse  duration. 


1.2.  Types  of  color  centers  in  ionic  crystals 


Fig.  1.1  shows  some  of  the  major  types  of  CCs  that  one  ean  use  to  aehieve  stimulated 
radiation.  In  general,  the  major  erystals  where  laser  aetive  CCs  ean  be  developed  are  pure  and 
impurity-doped  fluorides  and  ehlorides  of  Li,  Na,  K,  and  Rb  alkali  metals  [2,  7-10],  as  well  as 
CaFi  and  SrFi  [11].  Laser  oseillation  has  also  been  reported  using  CCs  in  AI2O3  [12,  13], 
diamond  [14],  MgF2  [15],  and  the  eompound  fluorides  KMgF3  [16]  and  YLiF4  [17].  In  the 
primal  state  these  erystals  are  optieally  transparent.  Under  irradiation  with  high-energy 
eleetrons,  neutrons,  y-rays.  X-rays,  or  hard  UV,  or  ealeination  in  alkali  metal  vapor  (additive 
eoloration),  anionie  vaeaneies  appear  in  the  erystal  lattiee  and  serve  to  loealize  free  eleetrons. 
The  absorption  bands  of  these  (F)  eenters  (vacaney  +  eleetron)  give  a  typieal  eoloring  to  the 
erystals. 

The  simplest  of  point  defeets  is  the  anionie  vaeaney  denoted  in  Fig.  1.1  by  an  open 
eirele  in  plaee  of  an  absent  negative  ion.  The  vacaney  has  an  effective  positive  charge  and 
capturing  an  electron,  forms  a  defect  whose  electronic  structure  is  similar  to  that  of  the 
hydrogen  atom.  Such  an  optical  center  is  referred  to  as  F-center  and  has  absorption  bands  in 
the  visible  or  UV  spectral  regions  (for  many  reasons  [10]  F  centers  are  not  suitable  for  laser 
oscillation). 

The  other  intrinsic  electronic  CCs  on  which  oscillation  has  been  obtained  (see  Fig.  1.1) 
are  complexes  derived  from  F  centers.  For  instance,  the  F2^  center  consists  of  two  neighboring 
anionic  vacancies  with  one  captured  electron,  the  F2  center  consists  of  two  neighboring 
vacancies  with  two  captured  electrons  (analog  of  the  hydrogen  molecule),  and  the  F2'  center  is 
composed  of  a  pair  of  vacancies  with  three  captured  electrons. 
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F 


Fi 


Fi"  F2 


Fig.  1.1.  Schematic  drawings  of  the  simple  color  centers  in  LiF  crystal. 
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The  principles  of  CCL  operation  can  be  accounted  for  using  the  Frank-Condon 
configuration  diagram,  which  describes  the  optical  properties  of  an  electron  system  interacting 
with  molecular  or  lattice  vibrations:  in  particular,  the  optical  transition  of  CCs.  Pump 
radiation  is  absorbed  in  the  wide  band  of  the  electric-dipole  electron-vibrational  transition 
1^2.  In  a  time  on  the  order  of  10'  -10'  s,  radiationless  relaxation  to  the  minimum  of 
potential  curve  of  the  excited  electronic  state,  2^3  occurs,  accompanied  by  a  mutual 
rearrangement  of  the  neighbouring  ions  and  by  phonon  emission.  Then  a  radiative  electron- 
vibrational  transition  (3^4)  occurs  with  a  probability  ofA=10-10  s',  followed  by  another 
rapid  vibrational  relaxation  (4^1)  to  the  potential  curve  minimum  of  the  ground  electronic 
state  with  resetting  of  the  spatial  ion  configuration.  Disregarding  the  details,  one  may  consider 
this  scheme  as  the  four-level  laser  scheme  of  oscillation. 

1.3.  Color  center  formation  in  ionic  crystals 

Color  centers  are  formed  in  originally  transparent  crystals  through  ionic  displacement 
caused  by  a  high  energy  irradiation,  or  through  creation  of  stoichiometric  excess  of  alkali  or 
alkali-earth  metal  in  the  crystal  at  elevated  temperature.  The  latter  method  is  called  additive 
coloration  and  provides  CC  with  higher  stability. 

The  formation  of  aggregate  CC  in  alkali  halide  crystals  under  ionizing  radiation  is  a 
complicated  process.  It  involves  emergence,  separation  and  subsequent  association  of  primary 
Frenkel  defects  into  the  aggregate  color  centers  as  well  as  their  recharging  by  electrons  and 
band  holes. 

The  necessary  radiation  damage  can  be  produced  by  X-rays,  y-rays,  neutrons,  electrons 
or  other  charged  particles.  However,  neutron  beams  are  not  readily  available.  The  production 
of  CC  via  electromagnetic  field  requires  relatively  long  (days)  exposure  times  but  provides 
high  homogeneity  of  CC. 

The  readily  available  electron  beam  is  a  commonly  used  irradiation  source  for  CC 
preparation.  To  penetrate  through  the  crystal  with  a  thickness  of  several  mm  electrons  with 
energies  of  1-2  MeV  are  required  and  the  crystal  is  usually  exposed  from  both  sides  to  provide 
sufficient  homogeneity.  The  crystals  are  always  irradiated  at  lower  temperatures  (77  -  177  K) 
with  current  density  of  about  10  |lA/cm  .  Irradiation  time  varies  from  several  minutes  to  a  few 
hours  depending  on  the  crystal  lattice  and  the  type  of  centers  to  be  produced  [9]. 

The  procedure  of  additive  coloration  consists  of  calcination  of  the  crystal  in  metal  vapor 
at  a  temperature  between  the  crystal  melting  point  and  the  temperature  of  colloid  formation. 
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For  instance,  for  KCl  the  melting  point  is  768  °C,  and  the  colloid  formation  is  initiated  at 
temperature  400  °C.  As  a  result  of  this  proeedure,  the  alkali-metal  atoms  are  captured  and 
become  ionized  on  the  erystalline  surfaee,  attracting  the  halogen  ions.  The  latter  diffuse 
towards  the  surface,  forming  anion  vacancies  in  the  bulk  of  the  erystal.  The  eleetrons 
appearing  as  a  result  of  alkali  metal  atoms  ionization  also  diffuse  to  be  captured  on  the 
vaeancies  and  form  F  centers.  The  crystal  is  then  quickly  cooled  down  to  room  temperature  in 
order  to  avoid  eolloid  formation.  Further  aeeumulation  of  the  Fa,  Fb,  Fi^  centers  is  stimulated 
by  additional  light  treatment  of  the  erystal.  The  teehnology  of  alkali-halide  crystals  additive 
eoloration  was  developed  a  long  time  ago.  A  detailed  description  of  additive  eoloration 
teehnique  and  apparatus  can  be  found  in  reference  [18]. 

The  teehnology  of  electrolytic  coloration  was  also  available  rather  a  long  time  ago,  but  it 
was  only  in  1987,  that  the  first  laser  crystals  were  produced  using  this  teehnique  [19].  The 
proeedure  runs  as  follows.  A  crystal  is  placed  into  a  erucible  and  is  heated  to  the  temperature 
of  anion  mobility,  at  whieh  "thermal"  anion  vaeancies  also  appear.  A  direct  current  high- 
voltage  eleetrie  field  is  applied  to  the  crystal  to  drive  an  ionic  current:  anions  move  towards 
the  anode  and  the  cathode  emits  electrons.  The  latter  are  captured  by  the  anion  vacaneies  to 
form  F  centers.  The  next  part  of  the  crystal  treatment,  as  in  the  ease  of  additive  coloration, 
involves  fast  crystal  cooling  and  light  treatment.  The  additive  and  eleetrolytic  eoloration 
techniques  are  better  than  radiational  techniques  because  they  produce  more  temperature-  and 
light-resistant  laser  crystals.  The  disadvantages  of  the  above-mentioned  methods  are  the  low 
eoloring  homogeneity,  the  poor  optieal  quality  of  the  crystals  due  to  colloid  formation,  and  the 
inability  to  produce  large-size  aetive  media. 

The  formation  of  aggregate  color  centers  in  alkali-halide  crystals  under  ionizing 
radiation  is  a  complicated  proeess.  It  involves  emergence,  separation,  and  recombination  of 
primary  Frenkel  defects,  association  into  aggregate  F2,  (F2)a,  F2^,  (F2^)a,  F2',  F3,  Fa"^,  Fs'  and 
other  color  centers  and  recharging  of  color  centers  by  eleetrons  and  band  holes.  The  defect 
formation  may  run  fast  or  slow.  Decomposition  of  self-localized  excitons  into  primary 
radiational  defects  and  recharging  of  color  centers  are  relatively  fast  processes  (10'  -10'  s). 

Slow  proeesses  run  either  due  to  spatial  diffusion  of  the  defects  and  their  assoeiates,  or  due  to 
diffusion  of  self-loealized  holes  (resulting  in  color  centers  reeharging). 

All  the  above  proeesses  determine  the  effieieney  of  formation  of  any  type  of  color 
centers.  These  processes  depend  upon  the  temperature  of  irradiation  and  storage  of  the  crystal. 
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impurity  composition  of  the  initial  material,  ionizing  radiation  dose  power  and  irradiation 
dose. 


Separated  eleetrons  and  holes,  free  and  self-loealized  exeitons  are  generated  in  alkali- 
halide  erystals  under  ionizing  irradiation.  Self-  loealized  exeitons  deeompose  with  the 
emergenee  of  pairs  of  F-eenters  and  interstitial  halogen  atoms  (H).  A  fast  reeharging  of  these 
pairs  under  flux  of  eleetrons  gives  rise  to  aetually  simultaneous  formation  of  the  anion 
vaeaneies  Va^  and  interstitial  halogen  ions  k  [20]; 

e:^F  +  H,  (1) 


v:  +  r 


(2) 


The  meehanisms  of  formation  of  aggregate  eenters  through  migration  of  anion 
vaeaneies  have  been  studied  by  Delbeeq  [21].  Aeeording  to  this  paper,  eharged  eenters 
first  appear,  and  then  eapture  eleetrons  to  produee  neutral  F2  eenters: 

V:+F^F,\  (3) 

F^+e^F^  (4) 

Simultaneously  with  a  fast  proeess  of  eleetron  eapture,  F2^  eenters  may  take  part  in  a 
slow  temperature-dependent  migration  proeess.  Colliding  with  the  F,  F2^  and  F2'  CCs,  they 


form  more  eomplex  CCs  -  F3'^,  F4^  ,  and  F4  ,  respeetively: 

(5) 

F;+F,^F:,  (6) 

F:+F,^F„  (7) 

whose  further  aggregation  leads  to  the  appearanee  of  eolloid  partieles  in  the  erystal.  The 
proeesses  of  F2  CCs  formation  by  seheme  (3.4)  are  eompeting  with  the  proeesses  of  their 
ionization  due  to  a  fast  eapture  of  free  eleetrons: 

F^+e^F; ,  (8) 

or  holes 

F,+h^F,\  (9) 

or  due  to  diffusion  proeesses  involving  mobile  anion  vaeaneies 

v:+f,^f,\  (10) 

and  self-loealized  holes 


(11) 
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These  proeesses  (4,8,9, 1 1)  leading  to  reeharging  in  the  group  of  F2,  F2^,  and  F2'  CCs,  are 
also  inherent  in  the  group  of  F3,  Fs^,  and  Fs'  CCs. 

The  ratio  of  the  eontributions  of  different  reaetions  depends  on  the  irradiation  proeedure 
and  impurity  eomposition  in  the  irradiated  erystal.  The  optimization  of  irradiation  treatment  to 
ereate  F2'  and  F2^  stabilized  eolor  eenters  in  doped  LiF  crystals  is  discussed  below. 

1.4.  LiF:F2  active  element  optimization 

Below  we  use  for  example  the  LiF  crystal  with  F2'  CC  to  illustrate  the  directions  of 
irradiation  parameters  optimization  which  have  permitted  to  overcome  the  technological 
difficulties  faced  when  producing  an  optically  dense  active  medium. 

The  LiF:F2'  crystals  combining  unique  modulation,  thermal,  and  operational 
characteristics,  are  now  widely  used  as  active  media  in  tunable  lasers  and  as  nonlinear 
elements  with  saturable  absorption  for  neodymium  laser  Q-switches.  However,  available 
techniques  of  such  laser  crystals  preparation  fail  to  produce  optically  dense,  high-contrast 
media  required  for  a  series  of  applications.  Usually,  the  value  of  active  absorption  at  the 
working  wavelength  does  not  exceed  0.4-0. 6  cm'^  at  a  contrast  (ratio  of  the  active  absorption 
coefficient  to  the  loss  coefficient  at  X  =1,06  pm)  of  10-20.  Under  the  action  of  y-quanta 
commonly  used  for  producing  LiF:F2'  laser  crystals,  the  F2^  CCs  emerging  by  reaction  (3)  may 
be  involved  in  three  processes:  a)  fast  process  of  electron  capture  to  produce  F2  CCs  (reaction 
4)  and  F2'  CCs  (reaction  8);  b)slow  diffusion  processes  of  aggregation  of  the  type  5,  6,  7;  c) 
dissociation  on  the  F  center  and  anion  vacancy  F2^^F  +  Va^. 

The  rates  of  the  processes  and  final  concentration  of  CCs  depend,  as  was  already 
mentioned,  on  the  impurity  composition  of  the  initial  material,  irradiation  dose,  power,  and 
crystal  temperature.  Varying  the  ratio  of  these  parameters,  one  can  essentially  influence  the 
processes  of  F2'  CC  formation  in  LiF. 

When  we  optimized  the  procedure  of  LiF  crystal  treatment  under  ionizing  irradiation  so, 
that  the  processes  3,  4  were  efficient  and  5-7  -  negligible,  maximum  active  absorption  of  F2' 
CCs  at  the  wavelength  1.064  pm  exceed  1.5  cm‘l  at  a  contrast  as  high  as  20  -  40. 

Optimization  of  the  pumping  wavelength  is  essential  parameter  limiting  the  oscillation 
efficiency.  For  example  in  F2'  CC  in  LiF  (LiF:F2')  absorption  spectra  overlaps  with 
neodymium  pump  sources.  Besides  due  to  small  Stocks  shift  absorption  band  overlaps  with 
luminescence  band.  As  a  result  the  main  generation  parameters  of  LiF:F2'  lasers  (such  as 
tunable  range,  efficiency)  depend  on  optimization  of  pump  laser.  The  aim  of  the  work  was  the 
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development  of  aetive  elements  on  the  base  of  LiF:F2'  and  NaFiFs'  erystals  and  optimization 
of  their  parameters  to  develop  the  high-effieient  LiF:F2'  and  NaF:F3'  CC  lasers. 

During  the  LiF:F2'  erystal  teehnologieal  preparation  the  speeial  attention  should  be 
paid  to  the  presenee  of  the  aggregate  eolor  eenters  with  absorption  in  the  oseillation  speetral 
range.  We  carried  out  special  experiments  to  test  LiF:F2'  active  elements  developed  under 
different  irradiation  conditions  and  prepared  from  the  samples  of  bulk  crystals  provided  by 
different  suppliers.  The  absorption  coefficients  of  LiF:F2'  samples  in  the  maximum  of  F2' 
color  centers  absorption  band  (940  nm),  pump  wavelength  (1064  and  1047  nm)  and  parasitic 
losses  due  to  the  presence  of  highly  aggregated  parasitic  centers  (typically  measured  at  1300 
nm)  were  controlled.  The  laser  oscillation  efficiency  of  these  active  elements  was  studied  in 
non-selective  flat-flat  mirrors  cavity.  Quasi-longitudinal  pumping  was  carried  out  by  the 
radiation  of  the  fundamental  frequency  of  Q-switched  YAGiNd  laser  with  pulse  duration 
tp=30  ns  and  pulse  repetition  rate  12  Hz.  The  diameter  of  the  pumping  beam  in  front  of  the 
LiF:F2'  crystal  was  3  mm.  The  LiF:F2'  active  element  (40mm  long)  was  set  at  Brewster  angle 
to  the  cavity  axis. 

The  LiF:F2'  oscillation  efficiency  dependence  on  pump  energy  is  presented  in  Fig.  1.2. 
As  one  can  see  at  low  pump  energy  the  increase  of  the  output  mirror  reflection  from  R=12% 
to  R=35%  leads  to  the  increasing  of  the  laser  efficiency  in  1.5  times  (from  37%  to  45%).  In 
the  case  of  high  pump  energy  a  mirror  with  reflection  coefficient  R=20%  is  optimal.  In  this 
case  laser  efficiency  for  different  output  coupler  are  close  to  each  other.  Maximum  LiF:F2’ 
laser  efficiency  was  achieved  with  R=20%  output  coupler  and  pump  energy  70  mJ  and  was 
equal  to  ri=56%  .  It  corresponds  to  the  70%  of  quantum  efficiency  with  respect  to  absorbed 
energy. 

As  it  was  written  above  the  overlapping  of  the  absorption  and  emission  bands  of  the 
F2'  CC  at  the  pumping  wavelength  limit  the  maximum  of  active  media  amplification.  The 
saturation  in  the  active  media  under  pumping  will  be  obtained  when  the  stimulated  absorption 
rate  is  equal  to  the  stimulated  emission  induced  by  the  pump  radiation.  The  value  of  the 
maximal  inversion  of  the  active  media  can  be  obtained  from  the  following  equation  : 


02i{Vp)  +  0i2{Vp) 


where  N  is  full  F2'  CC  concentration,  Oi2(Vp),  02i(Vp)-  absorption  and  emission  cross  section 
at  pumping  wavelength,  maximum  of  the  inversion  density  in  the  active  media.  Using 
absorption  and  emission  spectra  we  can  calculate  and  compare  the  saturated  inversion  and 
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laser  gain  under  different  pumping  wavelength.  Fig.  1.3  shows  the  effeetive  partial 

-5  I 

eoneentration  of  exeited  CC  versus  pumping  wavelength.  As  one  ean  see  under  YAP:Nd 
laser  (X=1.079  |im)  radiation  we  can  excite  only  16%  of  whole  concentration  of  active  color 
centers.  For  YAG:Nd^^  (X=1.064  |im)  and  YLFiNd^^  (X=1.047  |im)  laser  radiation  this  value 
can  be  increased  up  to  26%  and  43%  correspondingly.  So  the  small  shift  of  the  pumping 
radiation  wavelength  from  1.079  |im  to  1.047  |im  leads  to  the  increasing  of  the  excited  CC 
concentration  and  laser  gain  in  2.7  times.  For  one  of  the  shortest  pump  wavelength 
(k  =  1.041  |im)  which  corresponds  to  LaF3:Nd^^  laser  more  than  3  times  improvement  can  be 
predicted.  In  our  experiments  we  investigated  tunable  LiF:F2'  laser  oscillation  under  pumping 
with  commercial  YAG:Nd  and  YLF:Nd  lasers  and  specially  developed  laser  with 
LaF3:Nd  active  element. 


0  5  10  15  20  25  30  35 


Pump  energy,  mj 

Fig.  1 .2.  LiF:F2'  laser  efficiency  versus  pump  energy  in  non  selective  flat-flat 
cavity  for  different  output  coupler  reflectivity  Rout 
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Fig.  1 .3.  Maximal  of  exited  state  concentration  of  F2'  color  center  in  LiF 
crystal  under  different  pumping  wavelengths  0.98  pm  (InGaAs),  1.041  pm 
(Nd^^iLaFg),  1.047  pm  (Nd^^:YLiF4),  1.064  pm  (Nd^^:YAG)  1 .078  pm 

(Nd^^:YAP). 
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Fig.  1 .4.  Tuning  curve  of  LiF:F2’  Color  Center  Laser  pumped  with 
YAG:Nd^^  YLF:Nd^^  and  LaFgiNd^^  lasers. 

We  studied  LiF;F2'  laser  oseillation  parameters  in  a  selective  cavity  formed  by  flat 
dichroic  input  mirror  and  diffraction  grating  operating  in  autocollimation  regime.  In  the 
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spectral  range  1.07-1.3  |im  the  input  dichroic  mirror  had  high  reflectivity  close  to  100%  and 
transmission  at  pumping  wavelength  equaled  to  85%.  The  efficiency  of  the  diffraction  grating 
(1200  grooves/mm)  in  autocollimation  regime  was  about  20%  and  zero  diffraction  order  was 
used  as  output  coupler.  The  LiF:F2'  active  element  was  8  cm  long  and  had  polished  faces  cut 
at  Brewster  angle.  The  pump  sources  were  YAG:Nd^^,  YLFiNd^"^  and  LaFaiNd^"^  Q-switched 
laser.  Fig.  1.4  shows  tuning  curves  of  LiF:F2'  color  center  laser  under  different  pumping.  In  all 
cases  pump  energy  was  about  30  mJ.  One  can  see  from  the  figure  that  the  efficiency  of  the 
LiF:F2'  laser  oscillation  in  the  maximum  of  the  tuning  curve  was  22%,  39%  and  50%  for 
YAGiNd^"^  ,  YLiF4:Nd^^  and  LaFsiNd^^  pump  sources,  correspondingly.  Besides  this  the 
tuning  range  was  extended  up  to  1.064-1.29  |a,m  for  YLiF4;Nd  and  LaF3:Nd  pump  lasers  in 
comparison  to  1.09 1.25  |im  forYAG:Nd  pump. 

4,2,  NaF  color  center  crystal  optical  and  laser  characteristics 

Three  types  of  sodium  fluoride  color  center  crystals  which  differ  both  in  the  impurity 
doping  composition,  growth  and  irradiation  conditions  were  developed  and  purchased. 
Fig.  1.5  presents  the  absorption  spectra  of  the  above  mentioned  crystals,  as  well  as  those  of  a 
nominally  pure  NaF  crystal  (curve  4)  recorded  at  300  K  and  their  spectra  of  luminescence. 
From  Fig.  1.5  one  can  see  that  the  spectra  of  these  crystals  strongly  differ  in  the  intensity  of 
the  absorption  bands  and  the  spectral  position  of  their  maxima.  Nominally  pure  NaF  crystals 
are  characterized  by  weaker  absorption  as  compared  to  the  doped  NaF  crystals.  Also  the  pure 
crystals  have  no  absorption  bands  with  maximum  in  a  range  of  0.8-0. 9  pm  or  luminescence 
with  excitation  by  1.06  pm  radiation.  The  NaF  crystals  of  all  three  types,  which  have  an 
identical  absorption  coefficient  at  a  wavelength  of  1.06  pm,  are  characterized  by  different 
color  center  composition. 

For  instance,  the  spectrum  of  luminescence  of  type  2  crystals  has  a  maximum  of  1.16 
pm  and  a  half-width  equals  1560  cm"'.  The  spectrum  of  the  type  1  crystal  is  shifted  with 
respect,  to  the  spectrum  of  the  type  2  crystals  by  150  cm'^  to  the  longer  wavelength  region 
(?'-max=1.18  pm)  with  a  half-width  equaled  to  1700  cm'\  The  luminescence  spectrum  of  type  3 
crystal  is  further  shifted  to  the  infrared  region  and  consists  of  at  least  two  bands  with  maxima 
at  1 .28  and  1 .44  pm.  The  obtained  results  indicate  that  the  examined  three  types  of  NaF 
crystals  are  of  interest  as  active  laser  elements  in  a  range  of  1.1 -1.5  pm  .To  estimate  the 
perceptiveness  of  the  examined  crystals  as  laser  active  mediums,  the  experiments  on  the 
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Fig.  1.5.  Absorption  spectra  (A)  luminescence  spectra  (B)  of  NaF  crystals. 


Fig.  1 .6.  Tuning  Curve  of  NaF  Color  Center  Laser. 

investigation  of  their  absorption  saturation  under  the  pumping  with  unfocused  radiation  at 
wavelength  of  1.06  pm  were  performed.  It  turned  out  that  all  three  types  of  NaF  crystals 
exhibit  the  saturation  of  absorption  and  can  operate  as  passive  Q-switches  for  neodymium 
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laser  up  to  a  pumping  energy  density  of  0.4  J/em  .  But  erystals  of  the  1  and  2  type  are  not 
bleaehed  under  10  pumping  pulses  with  an  energy  density  of  0.4  J/em  ,  pulse  duration  of  15 
ns  and  12.5  Hz  repetition  rate.  While  the  CC  eoneentration  and  absorption  in  type  3  erystals 
was  redueed  three  times  after  10  minutes  of  1.06-|im  pump  irradiation.  Therefore,  further 
generation  tests  were  performed  only  for  type  1  and  2  NaF  erystals. 

Broad  band  oseillation  at  X  =  1.25  |a,m  and  a  half-width  Av  =  100  em'*  was  realized  in 
a  nonseleetive  resonator  with  flat  high  refleetion  mirrors  (R=100,  Rout=95%)  under 
longitudinal  pumping  by  1.064  |im  radiation.  As  aetive  elements  we  used  2  em  long 
NaF:Li(OH)  erystal  with  absorption  K=0.35  em'^  at  pumping  1.064  |im  wavelength.  The  laser 
effieieney  was  7.5%,  slop  effieieney  was  13%  and  the  oseillation  threshold  was  15  mJ/em  . 

Testing  the  NaF  with  eolor  eenters  under  two  different  wavelength  of  pumping 
1.064|a.m  (NdiYAG)  and  1.047|im  (Nd:YLF  laser)  shows  3  times  inerease  of  the  output  energy 
and  effieieney  for  Nd:YLF  laser.  This  is  due  to  the  inerease  of  the  amplffieation  gain  and  is  in 
a  very  good  agreement  with  oseillating  results  of  LiF:F2'  eolor  eenter  laser. 

The  tunable  oseillation  of  2  type  8  em  NaF  erystal  was  studied  in  the  same  seleetive 
eavity  as  LiF:F2'  laser.  The  maximal  oseillation  energy  was  10  mJ  at  100  mJ  pumping  energy 
and  pulse  repetition  rate  -7  Hz.  The  tuning  eurve  of  NaF  CC  laser  is  shown  in  Fig.  1.6.  From 
Fig.  one  ean  see  that  the  oseillation  was  obtained  in  1.1-1.34  |a,m  speetral  range.  The 
maximum  laser  effieieney  equaled  to  10%.  There  was  no  any  degradation  of  laser  effieieney 
during  three  day  operation  at  room  temperature.  Three  month  storage  of  the  aetive  element  at 
room  temperature  led  to  a  notieeable  reduetion  of  the  laser  parameters.  But  it  should  be  noted 
that  the  thermostability  of  aetive  elements  of  the  type  2  NaF  may  be  inereased  by  several 
times  under  low  temperature  (T<  0°C)  storage  in  the  refrigerator  between  operational  eyeles. 

Fig.  1.7  presents  the  investigated  samples  of  LiF:F2'  and  NaF  eolor  eenter  erystals. 
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Fig.  1 .7.  The  investigated  samples  of  color  center  crystals 
LiF:F2'(1,3)and  NaF  (2). 
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2.  Optical  scheme  of  color  center  oscillator 

As  it  was  shown  above  the  effieiency  of  LiF:F2'  CCL  is  inereased  when  using  the  pump 
source  with  shorter  wavelength  instead  of  usual  Nd  ;YAG  laser.  The  most  perspective  and 

-5  I 

available  pump  source  is  pulsed  nanosecond  Nd  ;YLiF4  with  1047  nm  oscillating 
wavelength.  The  laser  developed  in  our  lab  has  an  oscillator  and  the  amplifier  stages.  It 
provided  pulses  with  200  mJ  energy,  12  ns  pulse  duration  at  3  pps  repetition  rate  with 
smooth  spatial  distribution. 

To  obtain  the  required  spectral  parameters  of  tunable  laser  one  should  use  Master 
Oscillator  and  Power  Amplifier  (MOP A)  scheme.  In  this  case  the  oscillator  provides  rather 
weak  laser  pulses  with  narrow  linewidth  and  smooth  spatial  profile.  These  pulses  are 
amplified  to  the  required  energy  value.  The  principal  scheme  of  such  laser  system  is 
presented  in  Fig.  2.1.  The  pump  beam  was  split  into  two  with  energy  ratio  1/5.  Most  part  of 
the  beam  excites  LiF;F2'  color  center  powerful  amplifier.  Another  part  is  used  to  pump 
LiF:F2'  narrow  line  color  center  oscillator. 


Nd^^:YLiF4 
pump  laser 


LiF:F2'(NaF:F3') 

oscillator 


LiF;F2XNaF:F3') 

amplifier 


Fig.  2.1.  Principal  scheme  of  the  experimental  setup  for  powerful  narrow  line  CCL 
with  Nd^'":YLiF4  pump  laser. 
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The  optical  scheme  of  the  optimized  narrow  line  color  center  laser  oscillator  is 
shown  in  Fig.  2.2.  It  includes  high  reflectivity  diffraction  grating,  Fabri  Perrot  etalon, 
intracavity  prism  telescope,  intracavity  45°  dichroic  mirror,  Brewster  cut  active  element  and 
output  coupler.  Such  design  protects  diffraction  grating  from  high  pump  power  and  allows 
good  spatial  overlapping  of  pump  and  oscillating  beams.  The  pump  beam  is  delivered  by 


pump 


Fig.  2.2.  Tunable  LiF:F2'  color  center  laser  oscillator. 

prism  or  HR  mirror  to  the  oscillator  unit.  The  laser  unit  can  be  optionally  added  with  prism 
telescope.  The  principle  of  laser  oscillation  is  as  following.  Neodymium  laser  pump  beam 
with  horizontal  polarization  is  reflected  by  the  intracavity  dichroic  selective  mirror  Mi.  It 
has  high  reflectivity  at  1.04-1.06  |im  wavelength  under  45°  incidence  angle  and  low 
reflectivity  for  oscillating  wavelengths.  The  pump  beam  is  absorbed  in  the  Brewster  LiF:F2' 
active  crystal.  The  pump  radiation  excites  the  oscillating  F2'  color  centers.  The  laser  cavity 
with  positive  feedback  arranges  the  conditions  for  oscillation  of  1.06-^  1.29  jam  radiation. 
The  diffraction  grating  and  Fabri  Perrot  etalon  are  used  for  spectral  dispersion.  Diffraction 
grating  works  in  the  autocollimation  regime,  so  that  the  first  order  of  diffraction  is  reflected 
back  into  the  cavity.  The  diffraction  angle  determines  the  oscillating  wavelength.  Rotation 
of  the  grating  allows  wavelength  tuning.  Solid  state  Fabri  Perrot  etalon  is  a  glass  or  quarts 
plane-parallel  plate  with  mirror  coatings  on  both  surfaces.  It  can  be  tuned  by  its  rotation 
around  the  axis.  The  intracavity  prism  telescope  extends  the  beam  incident  to  the  grating 
and  increases  spectral  selectivity  of  the  cavity.  The  output  coupler  provides  the  positive 
feedback  for  the  laser  cavity.  Below  specific  features  of  each  optical  element  are  discussed 
and  their  real  characteristics  are  presented. 
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The  real  implementation  of  the  laser  unit  is  shown  in  Fig.  2.3  and  2.4.  Diffraction 
grating  (1)  is  installed  on  the  rotating  stage.  Fabri  Perrot  etalon  (2)  has  a  special  mounting. 
Intracavity  prism  telescope  (3)  and  45-degrees  dichroic  mirror  (4)  are  located  close  to  the 
active  element  (5)  mounted  together  with  transparent  active  element  simulator  for 
adjustment.  The  output  coupler  (6)  ends  the  cavity  from  the  right  hand  side.  Mirror  (7)  is 
used  to  deliver  pump  beam  to  the  cavity. 

2  3  4  5 

1 


7 


Fig.2.3.  The  narrow  line  laser  cavity  components. 

2  3  4 


Fig.  2.4.  Dispersive  elements  of  the  narrow  line  laser. 
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2. 1.  LiF-.Fi  color  center  active  element 

The  laser  operation  prineiple  is  based  on  the  effeet  of  lasing  of  alkali-halide  erystals  LiF 
with  F2'  eolor  eenters  when  they  are  exeited  by  the  pumping  laser  radiation.  Laser  aetive 
elements  are  prepared  from  the  irradiated  lithium  fluoride  erystals.  Working  eolor  eenters 
are  intrinsie  defeets  of  erystal  lattiee  -  two  neighboring  anion  vaeaneies  loealized  three 
eleetrons  -  F2'  eolor  eenters.  This  objeets  are  thermally  stable  at  room  temperature  with 
stability  more  than  10  years  at  300  K.  F2'  eolor  eenters  ean  effeetively  absorb  and  emit 
photons  with  quantum  yield  about  60%.  They  have  wide  absorption  and  lumineseenee  bands 
with  maxima  0.96  and  1.12  |j,m,  half-width  1700  and  1400  em'^,  respeetively.  They  have 
high  values  of  oseillation  strength  of  eleetron-vibrational  transitions,  short  radiation  lifetime 
-  55  ns,  large  Stoeks  shift  of  lumineseenee  to  obtain  oseillation  at  300  K  aeeording  to  quasi 
four  level  seheme.  The  wavelength  of  radiation  of  widely  spread  neodymium  lasers  gets  into 
the  absorption  band  of  F2'  eolor  eenters  that  allows  to  make  tunable  in  near  IR  high  effieient 
lasers  pumped  by  fundamental  harmonie  of  neodymium  nanoseeond  pulsed  Nd  :YAG  laser 
or  other  neodymium  lasers  with  host  material  like:  GGG,  GSGG,  YLiF4,  LaF3,  glass  ete. 

The  use  of  the  aetive  element  with  Brewster  eut  faees  allows  to  solve  the  following 
problems: 

■=>  minimize  the  refleetion  losses  for  the  pump  radiation; 

■=>  minimize  the  refleetion  losses  for  the  lasing  radiation; 

■=>  keep  the  eertain  polarization  direetion  of  the  output  laser  radiation. 

The  refraetion  index  of  LiF  erystal  is  1.38.  This  means  that  the  ineident  Brewster  angle 
equals  to  54”50’.  The  angular  dependenee  of  the  refleetion  from  the  erystal  faee  is  deseribed 
by  the  Frensel  equations. 

tg(01+02)  ^ 


R. 


sin(0i-02)^ 

sin(0j  -1-02) 


We  are  interested  in  the  refleetivity  of  the  radiation  with  polarization  parallel  to  the 
ineident  plane  i?//.  It  is  equal  to  zero  when  ©]  +  ©2  =  k/2  ,  that  is  known  as  Brewster  angle. 
Fig.  2.5  presents  the  dependenee  of  the  refleetivity  7?//  versus  ineident  angle  at  LiF  erystal 
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face.  One  can  see  that  the  aeeuraey  of  the  angular  alignment  of  the  erystal  faee  is  not  very 
eritieal.  The  refleetion  is  less  than  0.2%  for  ineident  angle  of  53°  55°. 

The  draught  of  LiF  eolor  eenter  aetive  elements  with  80  mm  length  is  shown  in  Fig.  2.6. 
The  use  of  aetive  element  with  Brewster  cut  windows  result  in  the  slight  inerease  of  the 
eavity  length.  For  20  mm  thiek  erystal  this  results  in  14.5  mm  inerease.  This  should  be  taken 
into  aeeount  when  designing  eompaet  laser  eavity.  Fig.  2.7  presents  the  picture  of  irradiated 
LiF  eolor  center  crystals. 


Fig.  2.5.  The  reflectivity  of  the  radiation  with  polarization  parallel  to  the 
incident  plane  F?// versus  the  incident  angle  at  LiF  crystal  face. 


Fig.  2.6.  Drawing  of  LiF  color  center  crystal  with  Brewster  cut  faces  90  mm  long. 
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Fig.  2.7.  Picture  of  irradiated  LiF  color  center  crystal  active  element 
with  Brewster  cut  faces  90  mm  long. 
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2.2.  Dichroic  intracavity  mirror 

The  dichroic  has  high  reflectivity  at  1.03-1.06  |im  wavelength  with  45°  incidence 
angle.  It  has  low  reflectivity  at  the  oscillating  wavelength  from  1.08  to  1.30  |im  wavelength. 
Fig.  2.8  presents  the  reflectivity  spectrum  of  the  working  surface  of  mirror  Mi  used  in 
experiments.  The  reflectivity  was  about  4%  for  1.04-1.06  |im  spectral  region  and  more  than 
90%  for  1.12-1.3  iim.  Another  surface  had  antireflection  coating  (Fig.  2.9). 


Fig.  2.8.  The  reflectivity  of  the 
working  surface  of  mirror  Mi  with  45° 
incidence  angle. 


Fig.  2.9.  Zero  reflection  of  the 
second  surface  of  mirror  Mi  with  45° 
incidence  angle. 
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2.3.  Diffraction  grating 

Diffraction  grating  is  the  main  selective  element  in  the  tunable  LiFiFi'  CCL.  The 
investigation  of  its  properties  is  very  important  in  designing  optimal  cavity  configuration. 
Typical  reflection  diffraction  grating  used  in  the  tunable  CCL  is  metal  and  eharaeterized  by 
1200  lines  per  mm.  This  allows  them  to  work  in  the  auto-eollimating  seheme  from  840  to 
1270  nm  in  the  first  order  of  diffraetion.  The  higher  speetral  resolution  requires  special 
development  of  diffraetion  gratings  with  large  refieetivity  at  grazing  ineidenee  angles.  The 
main  drawbaek  of  metal  grating  is  that  they  have  absorption  in  a  thin  metal  layer.  This  is 
very  important  especially  for  high  power  lasers  due  to  high  heating  resulting  in  their 
damage.  This  is  a  reason  why  holographie  gratings  with  autocollimation  refleetion  of  light 
from  the  surface  of  eorrugated  waveguides  with  the  leaky  modes  were  investigated  in  this 
project. 

Below  we  present  the  results  on  investigation  the  diffraetion  properties  of  the 
waveguide-grating  strueture  with  the  least  possible  number  of  dielectrie  layers  and  on  the 
seareh  of  the  eonditions  when  100%  diffraetion  efficieney  of  the  grating  can  be  aehieved 
with  the  minimal  depth  of  the  eorrugated  structure. 

Analysis  of  Diffraction  Properties  of  a  Single-Layer  Corrugated  Structure 

A  sehematie  diagram  of  a  simplest  waveguide  with  leaky  modes  is  shown  in 
Fig.  2.10.  Contrary  to  an  ordinary  waveguide  with  a  layer  that  has  higher  refractive  index 
than  that  of  the  substrate  {nf>ns),  the  dielectric  layer  of  the  investigated  waveguide 
possesses  n/<ns.  The  modes  of  such  waveguide  undergo  a  total  refleetion  at  the  boundary  of 
layer  with  air  and  only  partial  refleetion  at  its  interfaee  with  a  substrate. 


Fig.  2.10.  Scheme  of  a  single-layer  corrugated  structure. 
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The  equality  of  the  phase  change  of  the  wave  traveling  from  one  layer  boundary  to  the  other 
and  back  to  the  value  27m  determines  the  condition  of  the  leaky-mode  existence  in  the 
dielectric  layer  under  consideration.  In  fact  this  condition  corresponds  to  the  excitation  of 
the  waveguide  mode,  which  interacts  with  the  grating  until  the  complete  escape  from  the 
waveguide.  We  used  the  program  for  personal  computer  written  on  the  basis  of  the  method 
of  “sources”  to  calculate  the  grating  depth,  which  results  in  100%  autocollimation 
reflectivity.  This  program  allows  one  to  calculate  the  parameters  of  various  corrugated 
structures  at  considerable  depths  of  the  grating.  As  an  example,  we  considered  MgF2  layer 
{nf=1.382)  at  SiOi  substrate  (ns=1.458)  and  the  corrugation  period  A=0.272jlm  with  the 
optimal  depth  value  of  the  grating  2  <7  =0.36  jlm  providing  the  layer  thickness  hro  .43  jlm. 
The  light  beam  with  a  wavelength  A  =633  nm  was  incident  from  the  substrate  at  an  angle 
0=52.6° .  With  a  small  value  of  grating  period,  the  manufacturing  of  the  grating  with  such 
considerable  depth  becomes  difficult.  Due  to  this  we  decided  to  consider  the  corrugated 
waveguide  structures  with  higher  interaction  length  of  the  mode  with  the  grating. 

Analysis  of  Diffraction  Properties  of  a  Double-Layer  Corrugated  Structure 

The  schematic  diagram  of  the  investigated  structure  is  presented  in  Fig.  2.11.  One  of  the 
layers  of  this  structure  is  the  buffer  with  a  refractive  index  while  the  other  layer  is  the 
waveguide  one  with 


20 


«/ 


Fig.  2.11.  Scheme  of  a  double-layer  corrugated  structure. 


30 


Two  types  of  the  leaky  modes  are  possible  in  this  strueture.  First  of  them  is  eharaeterized 
by  higher  refractive  index  of  the  mode  n*,  i.e.,  nb<n*<nf,  and  l<n*<nb  for  the  second  one. 
Both  types  of  modes  undergo  total  internal  reflection  at  the  air/dielectric  layer  interface.  At 
the  dielectric  layer/substrate  interface,  the  leaky  modes  of  the  first  type  undergo  broken  total 
reflection  while  the  modes  of  the  second  type  experience  an  ordinary  Fresnel  reflection. 

Let  us  consider  initially  the  autocollimation  reflection  of  light  with  the  participation 
of  the  leaky  modes  with  nb<n*<nf.  Fig.  2.12  shows  the  dependencies  of  R-i  (ht)  on  the 
thickness  of  the  buffer  layer  for  three  different  depths  of  the  grating:  2a=100,  50,  and  25 
nm.  The  calculations  were  performed  for  the  structure  with  the  following  parameters: 
nf=ns=1.458  (Si02),  nb=L383  (MgF2),  A=0.2227mkm,  k=0.633  jlm,  n*=1.42,  hj=0.675 
jlm,  and  G  =  77  degrees.  The  corrugation  was  assumed  to  be  sinusoidal  in  the  calculations. 
As  illustrated  in  Fig.  2.12,  the  smaller  the  depth  of  the  grating,  the  higher  the  thickness  of 
the  buffer  layer  with  which  R.j=100%  is  achieved. 

Fig.  2.13  presents  the  angular  dependencies  R-i(G)  for  the  same  structure  but  for 
various  depths  of  the  grating.  The  behavior  of  the  spectral  dependencies  ofi?_;  is  similar. 

Let’s  consider  now  the  leaky  modes  with  l<n*<nb.  As  already  mentioned  above, 
they  are  characterized  by  the  lack  of  the  total  internal  reflection  at  the  plane  boundary  of  the 
waveguide  (see  Fig.  2.1 1).  The  Q-factor  of  these  modes  varies  periodically  with  the  increase 
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Fig.  2.12.  Dependence  of  R.i(hb)  on  the  thickness  of  the  buffer  layer  for  three 
different  depths  of  the  grating  structure:  2o=100  (curve  1),  50  (curve  2),  and  25  nm 

(curve  3). 
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in  the  thickness  of  the  buffer  layer,  which  results  in  different  dependencies  of  R.i  on  hb  with 
the  excitation  of  these  leaky  modes.  The  considerably  lower  diffraction  efficiency  of  the 
grating  in  the  case  being  considered  here  is  determined  by  the  small  Q-factor  of  the  leaky 
modes  with  l<n*<nb,  i.e.,  by  the  small  path  length  of  them  in  the  corrugated  layer.  The 
increase  in  the  path  length  of  these  modes  can  be  achieved  in  the  structure  with  larger 
number  of  layers  shown  in  Fig.  2.14. 


76.0  76.2  76.4  76.6  76.8  77.0  77.2  77.4  77.6  77.8  78.0 

Angle  of  incidence  (degrees) 

Fig.  2.13.  The  angular  dependencies  R-i(©)  for  the  same  structure  but  for  various 
depths  of  the  grating.  2o=100  (curve  1),  50  (curve  2),  and  25  nm  (curve  3). 
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Fig.  2.14.  The  drawing  of  the  discussed  structure  with  two  additional  buffer  layers 

and  99.2%  reflectivity. 
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The  thicknesses  of  two  additional  buffer  layers  in  this  structure  are  chosen  from  the 
condition: 

hb=^/ (4 -tib  -cos  &b) 

i.e.,  from  that  of  the  constructive  interference  of  the  beams,  which  are  reflected  from  the 
layers  and  form  the  waveguide  mode.  This  interference  increases  the  reflectivity  of  light  and 
leads  to  the  increase  in  the  Q-factor  of  a  mode. 

The  calculations  of  the  autocollimation  reflection  show  that  the  reflectivity  R.i  of  the 
discussed  structure  (see  Fig.  2.14)  reaches  of  99.2%  at  2a=50  nm.  However,  if  we  confine 
ourselves  to  only  one  additional  buffer  layer  with  nbi=2.1,  we  obtain  in  this  case  only  R_ 
]=82%  with  the  same  depth  of  the  grating.  This  is  10  times  that  of  the  structure  with  one 
buffer  layer  and  nb= 1.382.  Thus  the  increase  in  Q-factor  of  a  mode  of  the  corrugated 
structure  allows  one  to  enhance  the  efficiency  of  the  diffraction  of  light  in  this  structure. 

Spectral  and  Angular  Dependencies  of  Autocollimation  Reflection  of  Light  at  l<n  *<nb 

We  have  studied  in  detail  a  corrugated  layer  structure  with  n*  in  the  range  \<n*<nb. 
The  schematic  diagram  of  this  structure  is  shown  in  Fig.  2.14.  The  following  parameters  of 
the  structure  were  used  in  the  calculations:  n/=1.458,  nb=1.383,  nbi=2.05,  ns=1.512, 
hf=0.37jim,  hb=0.164jlm,  hbi=0.081jlm,  and  A=0.273  pm. 

The  results  of  calculations  for  different  angles  of  incidence  of  light  onto  the  grating  are 
presented  in  Fig.  2.15. 

For  the  experimental  proof  of  such  a  possibility  the  waveguide-grating  structure  with 
the  same  parameters  as  in  Fig.  2.13  but  with  hro  .325  pm  was  prepared.  This  structure  was 
used  as  the  resonant-reflecting  mirror  in  dye  laser.  Rhodamine  6G  dissolved  in  ethanol  was 
used  as  a  dye.  The  dye  was  pumped  by  the  radiation  with  2i=0.53pm.  The  angular 
dependence  of  lasing-action  threshold  of  the  dye  laser  was  measured  in  the  experiment.  We 
correlated  the  obtained  angular  range  of  laser  tuning  with  the  calculated  one.  The  lasing  was 
obtained  in  the  wavelength  range  AX=  0.55-0. 58pm  where  the  variation  of  the 
autocollimation  reflectivity  of  the  considered  structure  is  small. 

Thus,  the  analysis  of  the  diffraction  of  light  in  the  corrugated  layer  system 
performed  shows  that  the  excitation  of  the  leaky  modes  in  the  structure  may  provide  high 
diffraction  efficiency  of  the  grating  in  the  autocollimation  regime.  In  addition,  the  usage  of 
the  leaky  modes  with  n*~l  allows  one  to  obtain  a  reasonably  broad  operating  range  of 
spectrum  for  such  waveguide-grating  structures.  This  was  confirmed  by  the  numerical 
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analysis  and  experiment.  Sueh  structure  could  also  be  used  with  tunable  LiF:F2'  color  center 
laser  in  near  IR  spectral  region  and  provide  high  reflectivity  and  good  spectral  selectivity  for 
narrowline  laser  operation. 


4  3 


Fig.  2.15.  The  results  of  calculations  for  different  incidence  angles  of  light  onto  the 
grating.  Angle  of  incidence:  1-  38,  2  -  40,  3  -  42,  4-44,  5  -  46,  6  -  48  degrees. 
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The  oscillator  setup  utilized  diffraction  gratings  as  disperse  elements  in  the  cavity. 
Diffraction  gratings  exhibit  unique  quality  to  have  high  spectral  selectivity,  large  free 
spectral  region  between  different  maxima,  simple  linear  tuning  with  sine  mechanism  and  the 
possibility  to  control  absolute  wavelength  with  high  accuracy. 

The  incidence  (a)  and  diffraction  angles  (P),  radiation  wavelength  (X)  and  grating 
spacing  (t)  depends  are  connected  by  the  following  diffraction  grating  equation; 
t(sin  a  +  sin  f5)  =  mX , 

here  m  -  is  a  diffraction  order.  For  autocollimation  regime  when  the  incidence  and  diffracted 
angles  are  equal  to  each  other  (  a=(5 )  this  equation  becomes 
2tsina  =  mX . 

The  angular  dispersion  of  the  grating  in  autocollimation  scheme  equals  as: 

The  dispersion  of  the  grating  is  increased  with  reducing  its  spacing  t.  Meanwhile  the 
spacing  (  t)  is  limited  and  cannot  be  smaller  than  A/2  ,  for  smaller  spacing  the  diffraction 
becomes  impossible.  For  diffraction  grating  the  important  values  of  spacing  are 
A/2  <t<X  or  t<  A<  2t 

It  corresponds  to  the  situation  when  there  is  only  two  reflected  beams:  the  first  and  zero 
diffraction  orders.  For  autocollimation  scheme  this  condition  becomes  as  follows: 

A/2  <t< 31/2  or  2t/3  < l< 2t 

The  theoretical  angular  resolution  of  diffraction  grating  50  equals 
cos  13 

Here  z  is  the  number  of  the  grating  lines  in  the  illuminated  area.  For  the  most  part  of  the 
tunable  lasers  50  is  much  less  than  the  divergence  of  the  incident  radiation  and  doesn’t 
determine  the  oscillating  linewidth.  The  maximal  theoretical  resolution  of  the  grating  equals 
to  the  maximal  difference  in  the  optical  paths  of  interference  beams  and  is  determined  by 
the  following  equation: 

here  N  is  the  total  number  of  the  grating  grooves.  For  example  for  1  |im,  and  spacing  t=0.83 
|j,m  and  diffraction  width  40  mm  the  maximal  spectral  resolution  for  one  pass  diffraction 
equals  to  5v==0.2  cm'\  It  is  necessary  to  note  that  in  the  cavity  during  the  development  of  the 
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oscillation  the  multiple  passes  ean  suffieiently  reduce  the  oseillating  linewidth  till  single 
mode  oseillation. 

The  autoeollimation  eondition  is  easily  obtained  from  equation  2  t  sin(a)=mX.  From 
this  equation  follows  that  the  oseillation  wavelength  depends  on  the  ineident  angle  as  a  sin 
law.  Sueh  dependenee  ean  be  easily  realized  by  sin  meehanism.  This  meehanism  ean  realize 
the  linear  dependenee  of  the  oseillating  wavelength  and  ean  easily  eontrol  it.  Lets  eonsider 
in  more  details  the  disperse  properties  of  the  eavity  with  the  grating.  To  find  the  angular 
dispersion  we  need  use  first  derivative  of  this  equation  with  respeet  to  A  at  eonstant  a. 

The  comparison  of  autoeollimation  angle  and  angular  dispersion  for  three  different 
gratings  is  shown  in  Fig.  2.16  for  LiFiFi'  CCL  spectra  region.  The  gold  diffraction  grating 
had  800  grooves/mm  and  its  working  angle  for  seeond  order  diffraetion  (1600  grooves/mm) 
for  1.2  iim  operating  range  is  elose  to  grazing  ineidenee  seheme  (see  Fig.  2.16(a)).  As  ean 
be  seen  from  the  Fig  2.16(b)  the  grating  with  1600  grooves/mm  has  suffieiently  higher  angle 
dispersion  D  within  1.19-1.2  |a,m  range  as  compared  to  diffraetion  gratings  with  1500  and 
1200  grooves/mm.  The  800  grooves/mm  grating  (25x25  mm  size)  is  working  in  the  seeond 
diffraetion  order  so  the  output  into  the  first  diffraetion  order  should  be  regarded  as  losses 
and  thus  minimized.  For  the  investigated  grating  the  reflection  into  the  seeond  diffraetion 
order  was  measured  to  be  about  35%  while  refieetion  into  the  first  diffraetion  order  was  less 
than  5%  (for  horizontal  polarization). 
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Fig.  2.16.  Autocollimation  angle  versus  wavelength  (a) 
and  angle  dispersion  D  (b)  for  gratings  with  1600,  1500 
and  1200  grooves/mm. 
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2.4.  Sine  mechanism  for  diffraction  grating  scanning 

As  we  have  seen  in  the  previous  report  for  narrow  line  laser  oscillation  one  needs  to  use 

the  diffraction  grating  as  a  spectral  selective  element.  The  wavelength  scanning  of  the 
tunable  laser  can  be  arranged  by  rotating  the  diffraction  grating,  that  is  results  in  the 
changing  of  the  incident  angle.  The  condition  for  autocollimation  operation  of  diffraction 
grating  is  as  following; 

A  =  2Z)sin0 

Here  A  is  the  oscillating  wavelength,  D  is  the  grating  spacing,  and  0  is  the  incident  angle. 
The  angular  dependence  of  the  operating  wavelength  is  described  by  the  sinus  law.  It  could 
be  rather  complicated  to  control  the  oscillating  wavelength  by  direct  rotation  of  diffraction 
grating.  This  is  the  reason  why  special  sinus  mechanisms  are  used  in  tunable  lasers  and 
spectral  devices.  Such  mechanism  provides  linear  dependence  of  the  oscillating  wavelength 
versus  the  rotation  angle  of  a  motor  or  a  handle.  Fig.  2.17  presents  the  scheme  of  the  sine 


Fig.  2.17.  Drawing  of  the  sinus  mechanism  of  diffraction  grating  drive. 


scanning  mechanism  of  tunable  laser. 
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The  motion  of  the  step  motor  1 1  is  transmitted  through  the  worm  gear  pair  to  rotation  of 
the  serew  10  over  whieh  the  nut  7  is  travelling.  Guide  strip  4  is  seeured  to  nut  3  by  means  of 
serews  and  aligned  with  the  working  surfaee  by  means  of  two  pins.  The  working  surfaee  of 
strip  3  over  whieh  the  diffraetion  grating  stage  lever  stop  is  sliding  must  be  positioned 
strietly  normal  to  the  axis  of  motion  serew  4  by  means  of  adjusting  serews.  Three  ball 
bearings  mounted  on  the  body  of  nut  4  embraee  aeeurate  guide.  The  gear  pair  12,13  provide 
eorreet  settings  on  the  wavelength  eounter  14.  Due  to  sine  meehanism  of  diffraetion  grating 
drive  the  value  on  the  eounter  ean  be  aligned  to  provide  eorreet  wavelength. 

The  operational  wavelength  (  A  )  ean  be  found  by  the  number  of  steps  (  n  )  of  the  driver 
from  the  referenee  position  eorresponding  to  the  ealibrated  wavelength  value  (Ac)  by  the 
following  equation  n  =  (A^  -  A)  /  AA  .  Here  AA  is  the  gear  number  of  the  driver.  Below  the 

main  design  relationships  of  this  meehanieal  diagram  are  presented. 

The  sinus  meehanism  equation  is  as  following: 

A  =  2-D-A//, 

here  /  is  the  length  of  the  lever  2  and  S  is  the  working  motion  of  the  nut  3. 

The  value  of  one  step  of  the  step  motor  in  wavelength: 

AA  =  2-Dt-7-z/(360-/), 

here  t  is  the  piteh  of  serew  4;  y  is  the  angle  at  whieh  the  step  motor  turns  after  one  step;  i  is 
the  gear  ratio  of  worm  gear  pair  8  and  7;  /  is  the  length  of  lever  2. 

Following  are  the  numerieal  values  of  the  parameters  speeified  in  the  formulas  (2)  and 
(3)  for  the  meehanieal  diagram  and  the  diffraetion  grating  shown  in  Fig.  2.17  and  made  in 
meehanieal  mounting: 

D  =  1/1200  1/mm,  t  =  1.5  mm,  7=  1.8  deg.,  i  =  2/25,  /  =  100  mm 

Table  1  speeifies  the  sine  meehanism  parameters  for  the  eharaeteristie  wavelengths  of  the 
laser  unit  that  ean  be  used  for  testing  and  aligning.  The  values  of  the  parameter  5a 
eorrespond  to  the  angular  turn  of  the  diffraetion  grating  at  whieh  the  maximum  of  the 
oseillating  speetrum  is  tuned  at  0.1  nm.  In  the  diffraetion  grating  drive  diagram  the  working 
motion  of  the  nut  (A  =  38  mm)  provides  eontinuous  setting  of  the  wavelengths  produeed  by 
the  diffraetion  grating  in  the  range  from  638  nm  to  1265.6  nm.  For  these  speetral  range 
speeifie  points  eould  be  positively  reprodueed  by  means  of  a  single-mode  He-Ne  laser.  The 
wavelength  (A  =  632.8  nm)  in  the  first  diffraetion  order  is  taken  as  a  wavelength  ealibration 
value.  Thus,  the  number  of  the  driver  rotations  is  linearly  proportional  to  the  shift  of  the  nut 
S  and  linearly  proportional  to  the  operational  wavelength. 
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Table  1 .  The  calculated  parameters  of  the  sine  mechanism  for  edge  wavelengths  of 
tunable  LiF:F2'  color  center  laser  and  reference  He-Ne  laser  wavelengths. 


X,  nm 

a,  degree 

S,  mm 

5a,  arc  sec 

632.8  * 

22.3139 

37.968 

27 

1100 

41.0999 

66.000 

33 

1240 

48.0733 

74.400 

37 

1265.6* 

49.4078 

75.936 
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*-  T*  and  2"**  diffraction  orders  of  He-Ne  laser  radiation  for  1200  1/mm  diffraction  grating. 


2.5.  Prism  telescope 

Narrowline  laser  operation  requires  good  filling  of  the  selective  diffraction  grating.  One 
of  the  solutions  is  to  use  prism  telescope  for  intracavity  beam  expanding.  Below  we  will 
consider  two  types  of  intracavity  prism  telescopes.  The  typical  configuration  of  the  single 
prism  telescope  is  shown  in  Fig.  2.18.  To  reduce  the  intracavity  losses  the  prism  telescope 
includes  Brewster  prisms  with  anti-reflection  (AR)  coating.  In  this  case  the  incident  narrow 
beam  enters  the  longer  prism  face  under  Brewster  angle  and  must  have  zero  reflection.  The 
broadened  beam  transmits  perpendicular  out  of  prism  face  with  AR  coatings.  The  telescope 
factor  for  the  Brewster  prism  depends  on  its  materials  and  for  normal  glass  BK-7  is  about 
1 .4  and  can  be  increased  by  using  materials  with  higher  refractive  index. 

Another  possibility  to  increase  the  magnification  factor  is  to  use  two  or  more  prisms  in 
the  telescope.  Figs.  2.19  and  2.20  present  optical  schemes  of  two-  and  four-prism  telescopes 
which  have  ~2  and  -4  telescope  magnification  factors,  correspondingly.  The  pictures  of 
these  telescopes  are  presented  in  Figs.  2.21  and  2.22.  The  first  telescope  is  composed  with 
two  Brewster  glass  prisms  with  AR  coatings  and  the  glass  element  to  compensate  the 
parallel  beam  displacement  in  the  vertical  plane  and  bring  it  back  to  the  same  optical  axis. 
The  second  telescope  includes  four  Brewster  glass  prisms  with  AR  coatings.  It  provides  the 
constant  direction  of  the  transmitted  radiation. 
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Fig.  2.18.  Single  prism  telescope. 


Fig.  2.19.  Optical  scheme  of  two-prism  telescope  with  compensation 

of  displacement. 


Fig.  2.20.  Design  of  two-prism  telescope. 
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Fig.  2.22.  Design  of  four-prism  telescope. 


Another  optical  scheme  of  solid  two-prism  beam  expander  for  CCL  mockup  is 
presented  in  Fig,  2.23.  To  prevent  the  origin  of  laser  oscillation  at  the  faces  of  the  prisms  the 
angular  parameters  prism  positions  were  slightly  modified.  The  radiation  incidence  angle  at 
the  back  faces  of  the  prisms  in  expander  was  made  to  be  equal  5^  to  the  normal.  To  make 
the  expander  compact  and  easy  in  use  it  was  designed  as  integrated  nonadjustable  unit.  The 
realization  of  such  expander  is  presented  in  Fig.  2.24. 
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Fig.  2.23.  Optical  scheme  of  two-prism  telescope. 


Fig.  2.24.  Solid  two-prism  telescope. 


2.6.  Prism  and  mirror  hoider 

In  the  laser  unit  number  of  prisms  and  HR  mirrors  are  used  to  deliver  pump  laser  beam  to 
the  color  center  crystal.  For  its  precise  alignment  we  need  to  have  special  mountings.  The 
drawing  and  picture  of  the  specially  developed  prism  or  mirror  holder  are  shown  in 
Figs.  2.23,  2.24.  The  mounting  has  variable  possibilities  of  aligning.  If  the  laser  beam  axis  is 
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displaced  from  the  center  of  the  prism  then  it  is  possible  to  ease  off  screws  10  and  move  the 
mounting  base.  To  rotate  the  prism  one  needs  to  ease  screws  2  and  to  turn  the  base  with  the 
prism  around  the  mountain  axis.  If  the  laser  beam  transmits  upward  or  downward,  it  is 
necessary  to  unscrew  8  and  tighten  9  vice  versa  until  the  beam  will  have  appropriate  altitude 
alignment.  The  last  procedure  can  require  the  consequent  angular  alignment. 


5  10  11 


Fig.  2.24.  The  picture  of  the  prism  holder. 
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2.7.  Fabri  Perrot  etalon 

One  of  the  ways  to  narrow  the  speetral  line  of  tunable  laser  is  to  use  intracavity  Fabri- 
Perrot  etalon.  Three  solid  state  etalons  were  tested  in  our  experiments.  The  etalon  is 
characterized  by  its  thickness  and  the  reflectivity  of  its  faces.  The  thickness  (t)  determines 
the  Free  Spectral  Range  (FSR)  of  the  etalon  and  is  described  by  the  following  equation; 
FSR  =  {2  n  t),  here  n  is  the  refractive  index  of  the  substrate.  The  finesse  of  the  etalon 

determines  its  spectral  resolution.  The  higher  the  reflectivity  -  the  larger  the  finesse.  At  the 
same  time  it  is  necessary  to  keep  in  mind  that  the  higher  the  reflectivity  of  the  etalon  -  the 
larger  the  intracavity  losses  and  lower  the  efficiency  of  the  laser.  Below  we  present 
parameters  of  glass  Fabri-Perrot  solid  etalons  specially  prepared  for  LiF:F2'  color  center 
laser  mock-up.  Fig.  2.25  presents  the  design  of  the  etalon  with  the  mounting. 

Table  2.  Parameters  of  Fabri-Perrot  etalons  tested  in  the  tunable  LiF:F2'  color  center 
laser. 


No. 

Thickness 

Reflectivity 

FSR 

Finesse 

[mm] 

[%] 

[cm'*] 

1 

1 

60 

5 

6 

2 

1 

85 

5 

20 

3 

2 

85 

2.5 

20 

Fig.  2.25.  Fabri-Perrot  etalon  in  the  mounting. 
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2.8.  Output  coupling  mirror 

Output  coupling  mirror  (M3)  is  very  important  to  provide  high  oseillator  effieieney 
and  required  tunable  speetral  range.  Our  earlier  investigation  [6]  showed  that  in  order  to 
inerease  laser  effieieney  at  the  edges  of  the  tuning  eurve  and  extend  its  speetral  range  higher 
refleetivity  output  eouplers  should  be  used.  Fig.  2.26  presents  theoretieal  tuning  eurves  of 
LiF:F2'  CCL  with  10%,  20%,  50%,  70%  and  90%  refleetivity  output  eouplers  when  pumped 

-5  I 

with  Nd  ;YAG  laser.  The  highest  laser  effieieney  is  observed  for  20-50%  refleetivity 
output  eoupler.  The  increase  of  output  eoupler  reflectivity  results  in  broadening  of  the 
tuning  speetral  range  of  LiF:F2'  CCL  to  longer  wavelengths  up  to  1310  nm.  The  short 
wavelength  edge  was  limited  by  1064  nm  pump  laser  wavelength. 

Thus,  to  obtain  high  eonversion  effieieney  and  broad  tuning  range  one  needs  to  use 
output  eoupler  with  smooth  speetral  profile  and  about  20-40%  refleetivity.  The  speetrum  of 
the  used  mirror  M3  is  shown  in  Fig.  2.27.  To  work  at  the  edges  of  the  tuning  eurve  one 
needs  to  inerease  output  eoupler  refleetivity  at  the  desired  wavelength.  Our  earlier 
investigation  [6]  doesn’t  eonsider  two-pass  superfluoreseenee  in  CCL  whieh  oecurs  with  the 
refleetion  from  the  output  eoupler  and  limits  oscillations  at  the  edges  of  the  tuning  curves. 
To  reduce  this  effect  we  need  to  use  output  eouplers  with  low  refleetivity  in  the  maximum 
of  the  tuning  curve. 


Fig.  2.26.  Theoretical  tuning  curves  of  LiF:F2'  CCL  with  various 
reflectivity  output  couplers  R=10%,  20%,  50%,  70%,  90%. 
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Fig.  2.27.  Transmission  spectra  of  the  cavity  output  coupler  used  in  the  setup 
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The  realization  of  LiF;F2'  color  center  laser  mockup  is  presented  in  Fig.  2.28. 
Optical  elements  are  mounted  on  the  steel  stage.  A  He-Ne  laser  is  located  in  the  lower 
compartment  of  the  unit  and  allows  aligning  of  all  optical  elements  and  wavelength 
calibration.  Its  switch  is  located  in  the  right  part  of  the  front  panel.  The  handles  provide 
manual  scanning  of  diffraction  grating  and  Fabri  Perrot  etalon.  Their  automatic  control  is 
arranged  with  step  motor  driver  and  PC  controlled  board.  Wavelength  counter  shows  the 
operating  wavelength  of  the  laser  with  the  accuracy  ±1  A. 


Fig.  2.28.  LiF;F2'  color  center  tunable  laser  oscillator. 

The  operation  of  LiFiFi'  color  center  oscillator  was  tested  with  Nd  ;YLiF4 
pumping.  The  experimental  setup  for  investigation  of  spectral  and  energy  parameters  of 
LiF:F2'  color  center  oscillator  mockup  is  shown  in  Fig.  2.29.  The  output  laser  energy  was 
measured  by  energymeter  IMO-2H.  To  measure  the  exact  wavelength  the  laser  output 
radiation  was  measured  by  precise  wavelength  meter  developed  in  General  Physics  Institute. 
The  wavelength  meter  is  based  on  four  Fizo  interferometers  with  increasing  thickness  each 
combined  with  CCD  readout  system.  The  accuracy  of  wavelength  measurement  depended 
on  the  laser  linewidth  and  the  number  of  interferometers  in  use.  For  laser  linewidth 
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0.5  0.05  cm'^  three  interferometers  were  in  use  that  corresponded  to  the  accuracy  of 

0.1  0.02  A  in  the  working  region.  For  narrower  linewidth,  when  all  four  interferometers 

operated  the  accuracy  of  wavelength  meter  was  increased  to  0.005  0.002  A.  The  readout 

system  based  on  silicon  CCD  matrix  was  tested  to  be  sensitive  for  laser  radiation  up  to  1190 
nm  wavelength.  To  register  spectral  properties  of  longer  wavelengths  we  used  crystalline 
LiNbOs  second  harmonic  doubler. 

Spectral  linewidth  of  LiF:F2'  CC  oscillator  mockup  was  measured  at  different  parts 
of  the  tuning  curve.  An  example  of  spectral  profile  measured  with  fourth  Fizo 
interferometer  at  1250  nm  wavelength  is  shown  in  Fig.  2.30.  The  linewidth  was  measured  to 
be  less  than  500  MHz. 


LiNbOs 


Energymeter 

Fig.  2.29.  The  experimental  setup  for  investigation  spectral  and  energy  parameters 

of  LiF:F2'  color  center  oscillator. 
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Fig.  2.30.  Spectral  profile  of  LiF:F2'  color  center  oscillator  laser  narrow  line 
measured  by  fourth  Fizo  interferometer  of  wavelength  meter. 
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3.  Color  center  energy  and  power  amplifier 

In  order  to  amplify  weak  radiation  with  special  spectral,  spatial  and  temporal 
properties  to  high  peak  power  one  needs  to  use  powerful  amplifier.  High  emission  cross 
section  of  F2  color  centers  {Oem  =  7-10'  cm  )  and  lifetime  equaled  to  55  ns  allows  to 
propose  high  amplification  gain  and  efficiency  of  LiF:F2~  amplifier.  Comparing  with  dye 
solutions  the  concentration  of  F2~  color  centers  in  LiF  crystal  is  rather  low.  Due  to  this  the 
longitudinally  pumped  amplifier  scheme  is  preferable  for  good  spatial  overlapping  of  the 
pump  and  probe  radiation  in  the  bulk  color  center  crystals  40  and  80  mm  long. 

Below  the  results  on  testing  the  amplification  characteristics  of  LiF:F2~  color  center 
crystal  under  pulsed  Nd  :YAG  and  Nd  :YLiF4  pumping  to  use  it  in  MOPA  schemes.  The 
amplification  in  LiF:F2~  color  center  crystal  was  tested  in  single -pass  and  double-pass  optical 
schemes. 

3.1.  LiF:F2  amplifier  with  N^^:YAG pumping 
Single-pass  scheme 

Experimental  setup  for  single-pass  amplification  included  pulsed  Nd  :YAG  laser 
with  output  energy  up  to  100  ml,  10  ns  pulse  duration,  3  pps  pulse  repetition  rate  (Fig.  3.1). 
Tunable  LiF:F2~  color  center  laser  (CCL)  provided  tunable  nanosecond  probe  beam  with 
smooth  spatial  profile  and  low  angular  divergence.  Due  to  high  luminescence  cross  section 
of  F2~  color  centers  and  high  reflectivity  output  coupler  (several  tunable  laser  cavity  round 
trip  times)  the  probe  radiation  pulse  was  delayed  for  only  2-^6  ns  from  the  pump  pulse  that 
required  short  optical  delay  line  of  0.5-^2  m  for  the  amplifier  pump  pulse.  Neutral  density 
glass  filters  varied  the  energies  of  probe  and  pump  beams.  The  energies  of  pump,  probe  and 
amplified  pulses  were  registered  by  photodiodes  connected  to  Tektronix  digital  oscilloscope 
that  allowed  simultaneous  measurement  of  all  the  pulses.  High  power  beams  were  measured 
with  IMO-2H  joulemeter. 

The  important  factor  for  efficient  amplification  is  good  temporal  overlapping  of  the 
pump  and  probe  pulses.  In  our  experiments  the  change  of  the  optical  delay  between  the  two 
beams  varied  the  temporal  delay  of  the  probe  pulse.  Three  temporal  cases  were  considered; 
synchronous  pulses  (At  =  0),  small  delay  of  the  probe  pulse  (At  =  1.5  ns)  and  large  delay  of 
the  probe  pulse  (At  =  5  ns).  Fig.  3.2.  Due  to  high  amplification  in  LiF:F2~  CCL  active 
medium  the  probe  pulse  duration  was  slightly  shorter  than  that  of  the  pump  and  was  about 
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8  ns.  The  results  of  the  single-pass  amplilieation  in  LiF;F2~  erystal  90  mm  long  with 
Brewster  cut  faces  for  three  temporal  cases  with  pump  energy  40  mJ  are  summarized  in 
Fig.  3.2.  One  can  see  that  the  highest  amplification  was  observed  for  small  temporal  delay 
At  =  1.5  ns. 


Fig.  3.1 .  Experimental  setup  for  investigation  the  single-pass  LiF:F2  color 

center  amplifier. 


Probe  energy,  mJ 


Fig.  3.2.  Output  energy  and  amplification  gain  versus  probe  energy 
for  three  temporal  delays  (0,  1.5,  5  ns)  in  single-pass  amplification 

experiments. 
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The  initial  part  of  the  pump  pulse  is  used  for  excitation  of  F2~  color  centers  and  the 
saturation  of  absorption  in  the  active  channel.  The  required  time  depends  on  the  pump  power 
density  and  the  temporal  shape  of  the  front  edge  of  the  pulse.  After  the  absorption  saturation 
the  medium  provide  efficient  amplification  of  the  probe  pulse.  If  the  probe  pulse  arrives 
synchronously  (At  =  0),  its  amplification  is  reduced  due  to  low  excitation  at  the  beginning  of 
the  pulse.  If  the  probe  pulse  comes  later  (At  =  5  ns),  the  amplification  is  lower  due  to  the 
decrease  of  the  pump  power  level.  The  proper  delay  between  the  pump  and  the  probe  pulses 
can  result  in  high  energy  conversion  efficiency  that  could  be  even  higher  than  that  in  LiF:F2~ 
CCL  due  to  low  contribution  of  the  cavity  and  active  medium  passive  losses. 

The  output  energy  and  gain  dependencies  of  the  single-pass  amplification  in  LiF:F2~ 
color  center  crystal  40  mm  long  with  initial  absorption  coefficient  K(1.064)  =  0.67  cm“^  and 
40  mJ  pump  pulse  energy  are  shown  in  Fig.  3.3.  The  highest  amplification  gain  value  of 
G  =  12  was  obtained  for  low  probe  pulse  energy  (Eprobe  =  0.06  mJ).  The  increase  of  the  probe 
pulse  energy  up  to  1  mJ  resulted  in  the  saturation  of  the  amplification  with  lowering  the 
amplification  gain  to  G  =  4  and  increasing  the  output  energy  up  to  4  mJ  per  pulse.  This  value 
corresponded  to  about  10%  energy  conversion  efficiency  of  LiF:F2~  color  center  amplifier. 
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Fig.  3.3.  Energy  dependencies  of  the  amplification  gain  and  the  output 
energy  of  LiF:F2“  single-pass  color  center  amplifier  with  40  mJ  pump 

pulse. 
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Double-pass  scheme 

Double-pass  scheme  enlarges  the  interaction  length  of  the  amplifier  medium  that  results  in 
the  increase  of  the  amplification  gain.  The  optical  scheme  of  experimental  setup  for  double¬ 
pass  amplification  experiments  is  shown  in  Fig.  3.4.  The  scheme  was  based  on  the  same 
Nd  :YAG  laser.  Due  to  additional  HR  mirror  the  pump  and  probe  beams  passed  twice 
through  the  investigated  sample.  Small  intersection  angle  inside  the  sample  equaled  2”  and 
allowed  to  obtain  good  spatial  overlapping.  LiF:F2~  sample  88  mm  long  with  Brewster  cut 
faces  and  initial  absorption  K(1.064)  =  0.45  cm“^  was  used  in  these  experiments. 

The  dependence  of  the  amplification  on  the  focusing  conditions  of  the  pump  beam 
was  investigated  with  pump  pulse  energy  72  mJ.  Fig.  3.5  presents  the  amplification  gain  for 
three  diameters  of  the  pump  beam:  without  focusing,  0  =  3  mm  (circles);  with  telescope 
collimation,  0  =  2  mm  (squares);  and  telescope  broadening,  0  =  4  mm  (triangles).  The 
collimation  of  the  pump  beam  could  speed-up  the  saturation  process  and  increase  pump  to 
probe  conversion  efficiency.  At  the  same  time  this  can  reduce  the  intersection  volume  of  the 
pump  and  probe  beams.  Fig.  3.5  shows  that  for  our  experimental  conditions  the  maximal 
amplification  gain  (G~4)  and  energy  conversion  efficiency  up  to  20%  was  obtained  without 
pump  beam  focusing. 


Fig.  3.4.  Experimental  setup  for  investigation  the  double-pass  LiF:F2 

amplifier  scheme. 
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Fig.  3.5.  Amplification  in  double-pass  LiF:F2“  color  center  amplifier  for 
three  pump  beam  collimating  condition:  without  collimating 
(0  =  3  mm),  with  collimating  (0  =  2  mm)  and  with  beam  broadening 
(0  =  4  mm)  at  Epump=72mJ. 


Fig.  3.6  shows  the  best  results  on  the  amplification  in  LiF:F2~  color  center  crystal 
88  mm  long  for  40  mJ  pump  pulse  energy  in  double-pass  scheme.  For  low  energy  incident 
probe  pulse  (0.08  mJ)  the  highest  amplification  gain  of  56  was  realized  which  provided 
4.2  mJ  output  energy  in  the  amplified  pulse  with  conversion  efficiency  about  10%.  For 
higher  energy  probes  (2.2  mJ)  the  color  center  amplifier  output  energy  increased  to  12  mJ 
with  pump  conversion  efficiency  up  to  25%  that  was  close  to  the  best  values  of  CCL 

-5  I 

conversion  efficiency  with  Nd  :YAG  pumping. 

3.2.  LiF:F2  double-pass  amplifier  with  N(^^:YLiF4 pump  laser 

Previously  it  was  shown  that  the  use  of  shorter  wavelength  pump  source  based  on 

3”F  3”F 

concentrated  neodymium  phosphate  glass  Nd  :CNPG  (1.053  |im),  Nd  :YLiF4  crystal 

-5  I 

(1.047  |im),  or  Nd  iLaFs  crystal  (1.04  |j,m)  can  significantly  increase  the  conversion 
efficiency  of  CCL.  In  our  experiments  Nd  :YLiF4  laser  with  up  to  100  mJ  output  pulse 
energy,  13  ns  pulse  duration  and  3  pps  repetition  rate  was  used  as  a  pump  source.  The 
experimental  setup  was  the  same  as  that  used  in  double-pass  amplification  scheme  (Fig.  3.4). 
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Fig.  3.6.  Energy  dependencies  of  amplification  gain  and  output  energy  of 
LiF:F2'  double-pass  amplifier  with  40  mJ  pump  pulse  from  Nd^'^iYAG  laser. 


The  pump  and  the  probe  beams  passed  twice  through  the  investigated  sample  88  mm  long 
with  initial  absorption  coefficient  K(1.047)  =  0.72  cm“\ 

The  amplification  of  LiF:F2  double-pass  amplifier  with  80  mJ  Nd  :YLiF4  pump  was 
much  higher  than  that  for  Nd  :YAG  pump.  Dependencies  of  the  amplification  gain  and  the 
output  energy  with  respect  to  the  probe  energy  are  shown  in  Fig.  3.7.  The  highest 
amplification  gain  value  G  =  300  was  obtained  for  low  energy  probe  pulse  of  0.1  mJ. 
Maximal  amplified  output  energy  of  34  mJ  with  amplification  gain  G  =  90  and  energy 
conversion  efficiency  45%  was  obtained  for  high  energy  probe  pulse  of  0.6  mJ. 

Thus,  our  experimental  testing  showed  that  the  double-pass  LiFiFi”  amplifier  with 
double -pass  pumping  scheme  provide  as  high  as  25%  conversion  efficiency  for  40  mJ  pump 
energy  and  X  =  1.064  |a,m  wavelength.  That  is  3  times  higher  than  that  in  collinear  single¬ 
pass  scheme. 

Investigation  of  amplification  gain  on  temporal  and  spatial  overlapping  of  the  pump 
and  probe  pulses  showed  that  for  our  experimental  arrangements  the  highest  amplification 
was  observed  for  1.5  ns  temporal  delay  of  the  probe  pulse  and  similar  diameters  of  the 
beams. 
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Fig.  3.7.  Energy  dependencies  of  the  amplification  gain  and  the 
output  energy  of  LiF;F2'  double-pass  amplifier  with  80  mJ  Nd^'":YLiF4 

pump  pulse. 


3_j_ 

The  best  amplifieation  results  were  obtained  using  pulsed  Nd  :YLiF4  laser 
(X  =  1 .047  pm,  E=80  mJ)  as  a  pump  radiation  souree  in  double-pass  amplifieation  seheme 
(Fig. 3. 7).  In  this  ease  maximum  amplified  output  energy  of  34  mJ  with  amplifieation  gain 
G  =  90  and  energy  eonversion  effieieney  45%  were  obtained  for  probe  pulse  energy  of 
0.6  mJ. 

Fig.  3.8  presents  the  real  arrangement  of  amplifier  set  eonsisting  of  FiF:F2~  eolor 
eenter  erystal  and  HR  mirror.  The  aetive  element  was  88  mm  long  with  Brewster  eut  faees  is 
installed  on  the  erystal  mounting.  Its  initial  absorption  coeffieient  at  1.047  pm  wavelength 
was  0.72  em'*.  The  mirror  has  refieetivity  more  than  98%  at  1.047  and  1. 1-^1. 25  pm 
wavelengths  The  pump  and  amplified  beams  are  refieeted  from  this  mirror  and  have  two 
passes  through  FiF  erystal.  This  allows  to  obtain  high  output  after  amplifier. 
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Fig.  3.8.  Picture  of  real  arrangement  of  LiF:F2'  double-pass  amplifier. 
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